Objectives: Immune age-related abnormalities may synergise with osteoarthritis (OA) pathology. We explored whether abnormalities in the blood immune cell composition are present in OA, beyond defects typically associated with ageing. Design: Blood was collected from 121 healthy controls (HC) and 114 OA patients. Synovial biopsies were obtained from another 52 OA patients. Flow cytometry was used to establish the frequencies of lineage subsets, naïve, memory and regulatory T and B-cells, cells with an abnormal phenotype related to inflammation (IRC) and memory-like CD8 þ T-cells. Multivariate analysis of covariance (MANCOVA) was used to determine whether the relative subset frequencies differed between HC and OA, controlling for age.
Introduction
Ageing is a complex phenomenon involving several human systems, simultaneously interacting at different levels 1 . It affects cells, tissues and whole organs; it diminishes homeostasis and increases vulnerability 2 . Many pathways, including the immune system (IS), have been shown to be involved in ageing and agerelated diseases 3, 4 . In the very elderly, infectious disease is the primary cause of death, highlighting the importance of the adaptive IS. Acquired immune responses decline with age, with poor responses to vaccination, increased susceptibility to infection, higher prevalence of certain cancers associated with viral infection or emerging pathogens 5, 6 . In addition, there is increased intrinsic difficulty in dealing with common pathogens, notably herpes zoster or cytomegalovirus (CMV). Paradoxically, this decline is accompanied by an increase in auto-reactivity and the generation of autoantibodies 7, 8 . In addition, a wide range of etiological factors contribute to increased low-grade inflammation (known as inflammageing) including chronic antigenic burden, decreased production of sex steroids, subclinical disorders such as atherosclerosis, asymptomatic bacteriuria, as well as cellular senescence of immune cells 3, 4, 6 . The inflammatory response in ageing therefore represents a major potential contributor to age-related conditions. Osteoarthritis (OA) is strongly age-related 9 , with evidence of radiographic OA highly prevalent in individuals over the age of 60, though clinically symptomatic OA occurs in a smaller percentage 10 . Many of the age-related and inflammation-prone pathways may be involved in OA. Certain abnormalities of the IS including change in T-cell reactivity 11 , development of autoantibodies 12 , telomere shortening 13 and activation of inflammatory mechanisms 14 have been reported in OA 15 . Biomechanical stresses have been proposed as a source of immune stimulation in OA 16, 17 and another hypothesis proposes that collagen breakdown reveals neo-antigens leading to T/B-cell responses 18 .
Products of cartilage/bone degradation promote persistent low grade inflammation and synovitis both increasingly recognised as important symptoms of OA 19 . Innate immune responses to calcium crystal deposition have also been reported to activate the inflammasome pathway 20 .
We hypothesized that the complex interplay between the musculoskeletal system and IS may be in part responsible for the development of the clinical syndrome of OA. The aims of this study were therefore to determine if abnormalities in the blood immune cell composition were associated with OA, beyond the defects related to age. We investigated lineage composition for CD4 þ and CD8 þ T-cells, B-cells, NK-cells and CD56 þ T-cells (subsequently referred to as NKT-cells) and phenotyped T-cells and B-cells further for naïve, memory and regulatory subsets as well as for two other cell populations: IRC and memory-like cells.
Materials and methods

Patients
Blood samples (EDTA 4 ml) were collected from 121 healthy controls (HC) and 114 patients with OA, and arthroscopicallyobtained synovial tissue biopsies from a separate 52 OA patients. The studies were approved by the local Research Ethics Committee and all participants gave written an informed consent.
The HC were recruited from Leeds University staff to specifically include a wide range of age in order to establish reference ranges for healthy ageing. Particular attention was given to excluding HC with any joint symptoms.
The OA blood samples were collected from patients recruited from two main sources. Firstly patients from primary and secondary care clinics were recruited into clinical studies where ACR OA clinical criteria were required for inclusion (n ¼ 74); a baseline blood specimen was obtained in these participants. Secondly patients in a secondary care orthopaedic clinic who had been referred for joint replacement and had radiographic OA were sampled (n ¼ 40). The included patients had OA at different anatomical sites, with the majority having knee OA but over half having OA in at least two anatomical locations (Table I provides detailed numbers). Demographic and clinical characteristics were recorded in the OA patients: age, sex, height and weight, calculated BMI and anatomical location of joint(s) affected by OA (summarised in Table I) .
Synovial tissue samples were obtained from patients with ACR clinical OA and evidence of cartilage loss during knee arthroscopy, using 3.5 mm grasping biopsy forceps under direct vision using a Hopkins 2.7 mm 300 arthroscope. A Visual Analogue Score (VAS) was used as a parameter of macroscopic joint inflammation. Scoring was based on the visual inspection of vessels and hyperemia in the synovial membrane 21 . Synovial biopsies were taken from areas of macroscopic synovitis. Age and sex were recorded for these patients (Table I) .
Tissue sample processing
Tissue for light microscopy was fixed in 10% neutral buffered formalin. Sections were then dewaxed in xylene and ethanol, then washed in water and stained with Mayers Haematoxylin and counterstained in 1% aqueous Eosin Y after which they were dehydrated in ethanol cleared in xylene and mounted in DPX.
The paraffin embedded sections were dewaxed in Access Super solution (Menarini diagnostics) then stained. Staining was performed using standard X-Cell plus staining kit (Menarini diagnostics) with modification according to individual primary antibody host species according to manufacturer's instructions. Incubation were with primary monoclonal antibody anti CD3 (rabbit monoclonal clone SP7 Abcam cat ab16669 (1:200), anti CD68 (Rat monoclonal Abcam ab53444, 1:100) and anti CD20 (M-20 Goat polyclonal Santa Cruz sc-7735, 1:200)). The slides were then counterstained in haematoxylin.
Flow cytometry
8-colours flow-cytometry was performed using standard protocols for cell surface and intracellular staining to establish the frequencies of: Table S1 with gating strategies exemplified in Figure S1 (A, B, C, D). 
Statistical analysis
Comparison between tissue architecture groups in synovial biopsies was performed using ManneWhitney U-test and Spearman's correlation coefficient.
Following appropriate transformation of variables where necessary to an approximate Gaussian distribution, we used multivariate analysis of covariance (MANCOVA) to determine whether the relative subset frequencies differed between HC and OA, controlling for age. This approach was chosen to account for the inter-relationships between frequencies therefore we ran separate models for lymphocyte lineages (including NK, NKT, CD8
þ T-cells,
þ T-cell phenotypes (naïve, memory and
and B-cells (naïve, memory and putative T2/Breg). Age-adjusted between-groups differences were first calculated assuming the association with age was the same in both groups. An interaction term between age and group was then added to verify whether this assumption was reasonable. If the interaction was significant at the 10% level, changes with age were presented separately for HC and OA.
In the case of Treg cells, linear regression was used, according to the same analysis strategy. Memory-like CD8
þ T-cells and PPC were analysed separately as not detected in all samples, first using logistic regression to identify age-adjusted between-group differences in the odds of them being present, followed by linear regression restricted to patients in whom the cells were detected. Analyses were conducted in SPSS 21.0.0.1 and Stata 13.1.
Results
Synovial tissue
In 26 of the OA synovial tissue biopsies, a VAS was available and ranged from 3 to 80 with a median at 35, suggesting quite high inflammatory scores. Synovitis was evaluated using a scoring system 21, 23 utilising thickness of the lining layer, infiltration of immune cells in the stromal compartment of the synovial membrane and their higher organisation in aggregates or germinal centre-like structures. The score ranged from 0 to 8 with a median of 2.5. VAS was directly associated with the synovitis score (rho ¼ þ0.493, P ¼ 0.012). In 13 samples, the histological appearance of the tissue was normal (synovitis score of 0). In half of the samples (28/52), T-cells (CD3) and B-cells (CD20) could be identified, suggesting diffuse infiltration and this was associated with intermediate VAS (9e70) and synovitis histological scores (0.5e5). In 10 cases formation of small lymphocyte aggregates could be observed (Fig. 1) , VAS range 6e80, and synovitis scores 2.5e6. The presence of an ectopic germinal centre-like structure was only seen in one sample (VAS 72, synovitis score 8).
Differences in immune cell composition between HC and OA
Lymphocyte lineages
When all immune cell lineages were considered simultaneously, there was an overall association with age (P ¼ 0.008) but having adjusted for age there was no evidence of a difference between HC and OA (F (4, 195 ) ¼ 1.14, P ¼ 0.338). Assuming the association with age was the same in both groups, looking at the age-adjusted results for individual lineages (Table II) , there were no differences in the levels of each lineage between HC and OA, consistent with the non-significant overall test. However, when an interaction term was added to the multivariate model, the association with age differed between OA and HC (P ¼ 0.001; Fig. 2 ). This interaction remained statistically significant (P ¼ 0.010) when the analysis was restricted to individuals aged 48 or above (the minimum age in the OA group).
Looking at individual lineages ( Fig. 2) , there was no association with age in HC for NK and NKT-cells, whilst their frequencies were higher in OA patients with increasing age. For CD4 þ T-cells and Bcells there was no association in HC, but frequencies were lower in OA patients. For CD8 þ T-cells the trends were in opposite directions, with older HCs having lower frequencies (negative trend) whilst older OA patients had higher frequencies (positive trend).
CD4 þ T-cell phenotypes
Using the same strategy, proportions of naive, memory and IRC CD4 þ T-cells considered simultaneously and having adjusted for age revealed no apparent difference between groups (F (3,177) ¼ 0.30, P ¼ 0.824), and the association with age was significant when fixed in both groups (F (3,177) ¼ 7.56, P < 0.001).
Looking at each phenotype individually, consistent with the overall result and current knowledge 22 frequencies did not differ between the HC and OA: naïve CD4 þ T-cell frequencies reduced with age, memory CD4 þ T-cell frequencies increased, whilst CD4 þ IRC frequencies did not vary with age (Table II) . There was a significant interaction with age in the multivariate analysis (F (3,176) ¼ 3.18, P ¼ 0.026).
Looking at each CD4 þ T-cell phenotype individually, known positive (memory) and negative (naïve) age associations were observed in HC (Table II and Fig. 3 ), but neither of these subsets was associated with age in OA patients. With respect to CD4 þ regulatory T-cells, having adjusted for age, the OA patients had comparatively fewer Treg than HC (Table II , Fig. 3 ). When the age effect was fixed in both groups, the frequency of Treg was higher in older individuals; however the association with age differed, being positive in HC but absent in OA patients (Fig. 3) . to HC (Table II) . The proportion of memory CD8 þ T-cells did not differ between groups. However, a significant interaction between age and group in the multivariate analysis (F (3,166) ¼ 3.67, P ¼ 0.014) which persisted in patients aged 48 and over (F (3, 128 ) ¼ 3.59, P ¼ 0.016) suggested that the extent of between-group differences was not consistent at all ages. Naive CD8 þ T-cell frequencies reduced with age ( Fig. 3) as expected in HC 22 and in OA, but the negative trend with age was steeper in OA patients (Table II) . In HC there was a positive association with age for memory CD8 þ T-cell (as previously reported 22 ), which was absent in OA patients (Fig. 3) . Trends with age did not differ significantly for IRC or memory CD8 þ T-cell.
It is worth noting that the proportion of CD8 þ T-cell that were defined as IRC exceeded 1% in almost all of the OA patients (92.0%; 92/100) compared to only 38.7% (29/75) of the HCs. In the majority of HCs the proportion was at or around 1%, suggesting that this may B-cell phenotypes PPC were relatively rare and were investigated separately. The proportion of individuals with detectable PPC did not differ between HC (47%; 21/44) and OA (44%; 47/106) and after adjusting for age (OR ¼ 0.95 (0.33, 2.71); P ¼ 0.924). In people with PPC, there was a borderline-significant difference between the groups, with OA patients having relatively fewer PPC than HC (Table II) . There was no evidence to suggest that PPC frequency was associated with age (P ¼ 0.378) or that this (lack of) association differed between the groups (P ¼ 0.990).
Considering naive, memory and T2/Breg simultaneously, there was an association with age (F (3,145) ¼ 6.50, P < 0.001) but no evidence of differences between OA and HC (F (3, 145) ¼ 0.55, P ¼ 0.646). Looking at individual phenotypes, naive B-cell frequencies tended to be higher in older individuals (Fig. 4) whilst memory B-cell frequencies tended to be lower. T2/Breg frequencies did not vary with age (Table II, Fig. 4 ). There was evidence of an interaction between age and group in the multivariate analysis (F (3,144) ¼ 3.25, P ¼ 0.024); however, only naïve B-cells showed a difference in the age association between the HC and OA. There was a relatively higher naïve-cell frequency with age (positive trend), but this association was weaker in OA to the extent that the confidence interval crossed 0.
Clinical correlate to immune cell blood composition
In a subgroup of patients (with reported duration), longer OA duration was associated with the loss of CD4 þ T-cells (n ¼ 62, rho ¼ À0.297, P ¼ 0.025). In the 46 patients who reported a family history of OA, there was a more profound loss of total CD4
frequency and disease duration was observed (n ¼ 62, rho ¼ þ0.248, P ¼ 0.058).
For the majority of patients, we had data on the predominant joints diagnosed with OA (Table I) . CD4
þ IRC were more frequent in patients with hip (P ¼ 0.002, median 1.3% (range 0.1e8.0) for no hip vs 2.9% (0.5e7.9) with hip) and foot (P ¼ 0.023, median 1.1% (range 0.1e8.0) vs 2.3% (0.8e5.6) OA). Higher CD4 þ IRC frequencies were also observed in patients with knee OA although with only 12 patients with no knee OA, significance was low (P ¼ 0.300, median 0.8% (range 0.1e2.8) vs 2.0% (0.1e12.7). These data suggest that OA in large joints may be an important determinant of the presence of CD4 þ IRC in the blood. We observed no further association between demographic and clinical parameters or anatomic OA localisation for the B-cell subsets/phenotypes.
Discussion
Immunosenescence in the elderly encompasses many mechanisms resulting in compromised immune function and subsequent increased susceptibility to infection, cancer and autoimmune diseases. This novel, though preliminary, analysis of the immune cell composition of the blood of OA patients showed that several lineages and sub-phenotypes of T and B-cells were affected in OA beyond what appears directly related to ageing and may therefore reflect additional immune dysfunction related to the OA process itself. We proceeded to an age adjusted analysis that confirmed lack of age association in health for NK, CD4
þ T-cells, B-cells and NKT cells but a trend for lower frequency for CD8 þ T-cells with ageing. In OA, CD4 þ T-cell and B-cell frequency were lower while CD8 þ T-cell frequency was higher compared with HC. With respect to cell phenotyping, the main differences observed were associated with the CD8 þ T-cells: memory-like cells were 15-fold more likely to be found in OA independent of age; reduction in naïve cell frequency with age was more accentuated in OA; while the relationship between age and memory CD8 þ T-cells observed in health was lost in OA. The odds of increased IRC frequency were also much increased in OA compared to health. In CD4 þ T-cells, the reduction in naïve and increase in memory and Treg subsets with age previously reported in HC 22 were lost in OA. Finally B-cells showed evidence of a limited disturbance in the age relationship for naïve cells but no change for memory B-cells and T2/Breg, nor for the presence of PPC. As a general comment, because the extent of the differences between groups could vary with age, interpreting the estimated between-group differences in cell frequency should be done with caution, as it is difficult to determine whether this is a true observation without longitudinal data, especially data including people who develop OA with time. Were these overall differences to be confirmed, this could be interpreted as a shift in overall blood composition in OA, but as the proportion of one subset/phenotype cannot change without affecting at least one other, it is difficult to identify which specific lineage/subset drives this difference between the groups. Despite these limitations, to our knowledge, these data are the first report that the immune cell composition of the blood of OA patients is affected beyond what would be expected during ageing.
In health, minor alterations in B lymphocytes were reported in ageing and the loss of cell-mediated responses was predominantly associated with alterations in the function of T-cells 24 . Accordingly, lineage representations were not strongly associated with age in health (with the exception of CD8 þ T-cells), although clear changes were observed in particular T and B-cell sub-phenotypes. These data confirmed previous observations of thymic decline in generating naïve CD4 þ T-cells and CD8 þ T-cells with age as well as the development of memory subset reflecting T-cell homeostasis over a lifetime 22 . The increase in frequency of regulatory T-cells has been hypothesized 25 The relationship between NKT and age in HC was maintained in OA. In a few OA patients, however, very high frequencies were observed (Fig. 2) . The role of the NKT population of cells expressing both T-cell and NK-cell markers is not well understood, but they functionally work both like NK and T-cells, notably by immediately producing cytokines when activated (interferon-gamma, tumour necrosis factor-alpha and IL-2) 31, 32 . NKT-cells are therefore part of the first-line defense mechanism against pathogens including viruses. One of their functions associated with ageing is to compensate for the deterioration of T-cells and although NKT production of IFN-gamma also decreased with ageing 33 it is better maintained (notably in centenarian) and is thought to be essential for healthy ageing. Inflammation in metabolic tissues has emerged as a universal feature of obesity and its co-morbidities, including OA. A link between diet and NKT frequencies has also been established 34 and mice lacking NKT were more prone to obesity and inflammation 35 . In OA, patients with high NKT-cell frequencies may therefore suggest different capacities for immediate response to viral infection.
Phenotyping CD4 þ T-cells revealed further differences. We observed a lower frequency of regulatory T-cells, and higher than expected naïve CD4 þ T-cells. This last observation was intriguing as it is quite similar to what is observed in RA where such maintenance of high naïve T-cells is predictive of good outcome 36 . IRC have been shown to develop as a result of pro-inflammatory cytokine stimulation 22 . In our study, IRC were more frequent in patients with large joint OA (hip, knee, foot). It could therefore be speculated that their presence reflects a greater volume of synovitis. Unfortunately we did not have whole body radiographs in order to fully characterise both the total-body burden and the jointlevel severity of OA in individuals. The reduction of regulatory Tcells in the blood of OA is also intriguing and this has never been reported to our knowledge. Such loss of Treg (notably as Treg were shown to accumulate with ageing) may have important consequences. Autoantibodies are both a feature of ageing and OA and, although a direct role for B-cell auto-reactivity remains a matter of debate in OA, there is much evidence of accumulated autoreactivity, notably towards cartilage epitopes (with autoantibody to collagens, proteoglycans) 37 . Loss of regulatory mechanisms may be contributing to the loss of tolerance resulting in such autoantibodies being generated 38 . The loss of relationship between total and naïve B-cell subset and age in OA is not sufficient to suggest causality although it may suggest that additional disease effect may be mediated by B-cells, especially considering the highly differentiated state of synovial B-cells 39 .
The histology and immunohistochemistry analysis of OA synovial biopsies was primarily used to confirm previously reported data related to the OA synovial membrane cellular composition. T and B-cell infiltration was observed and even if aggregates were not as frequently observed as in RA, their presence in the synovial tissue suggests immune-related events in OA. Synovitis score were above normal in all but 13 patients and reached quite high levels. Taken together with the changes seen in blood cell composition, our data suggest that immune dysregulation may contribute to OA in a way that remains to be fully elucidated.
In conclusion, our data suggest that alterations in the blood immune cell composition can be observed in OA, and such changes appear different to those associated with ageing alone. Some of the changes may reflect inflammation and autoreactivity. The loss of regulatory mechanisms in OA should therefore be further investigated in relation to auto-antibodies and auto-reactivity development. Future research into immune-modulation for the treatment of OA may be of benefit. 
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